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ABSTRACT
The effects of ultrasonic vibration on the precipitation
hardening of Vasco 300 maraging steel, 17-4 PH steel, A-286, Reno 41,
and L-605, were studied. Specimens were subjected to peak-to-peak
vibration aMplitudes from 0.8 to 6.4 mils at a frequency of 25,000
hertz while they were undergoing standard aging heat treatments.
A magnetostrictive vibrator was coupled directly to specimens
which were vibrated at their natural resonant frequency. Non-
vibrated specimens were also aged at the same times and temperatures.
The application of ultrasonic vibration was found to increase the
hardening rate, but the incre£° was less than that reported by
previous investigators. Local heating of the vibrating specimen and
differences in the heat treating environments were found to be the
most likely causes of the wide differences between the results of
various investigators. Stress level did not affect the amount of
precipitate or the rate of age hardening. The yield and tensile
strengths of vibrated specimens of Vasco 300 maraging steel increased
by approximately 2 to 3 percent above the static aged condition.
providing overaging did not occur. Ductility remained constant
between the two different treatments. Metallographic studies of
L-605 showed visible precipitates in or near grain boundaries for
both static and vibrated specimens.
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INTRODUCTION
Background
Precipitation hardening. - In alloy systems in which the solid
solubility decreases with lowering temperatiu e, the precipitation of
a Second phase or local composition changes within a solid solution
are sometimes accompanied by a marked change in mechanical
properties. In some alloys the hardness and strength decrease during
precipitation but in certain (age hardening) alloys there is a sub-
stantial increase in hardness and strength. This increase in
hardness is associated with the initial formation of a sub
microscopic precipitate, harder than the matrix, which can make the
passage of dislocations through the metal much more difficult than it
would be in the metal matrix without the precipitate. It is
essential that precipitates form in the matrix: because those that form
in the grain boundaries are usually deleterious to the strengthening
of alloys ( ref.  3.) .
Precipitation hardening has been observed in aluminum, copper,
magnesium, iron, nickel and cobalt base alloys (refs. 2 and 3).
An extensive review of the subject has been made by Kelly and
Nicholsen (ref. 4). They report the results of hundreds of experi-
ments and present electron micrographs, x-ray studies and electrical
and general property measurements. A general precipitation hardening
1
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2process can be considered to take place in three stages:
(1) Nucleation, (2) growth to a critical size, and (3) overaging.
Nucleation of precipitates can take place at grain boundaries,
lattice defects, stacking faults, and dislocations (refs. 3 and k).
In general, the more finely dis persed the precipitate the greater
will be the strengthening due to precipitation. As the
precipitate grows, internal stresses are induced in the matrix if
there is coherency, an atomic spacing min-match bet-reen the matrix
ar.d the j recipi Late., or from specific volume changes between the
matrix an0. t'le preeipitato The i,recipitate will eventually reach a
oritiial sizo. when the strc:z.e between it and the matrix is maximum.
At thi s print, ha -&rl ;ss w " other mechanical properties reach a peak.
On further gro..th, ^_ohurent precipitates may break away from, or lose
coherency with, the matrix and overaging will occur. Other types f
precipitates can grow to larger sizes, dissolving the smaller
dispersed precipitates. Overaging is usually accompanied by
softening of the alloy and a general decrease in its tensile and
yield strengths.
Because precipitation is dependent to a large extent on
diffusion, temperature is very important in determining the rate and
amount of precipitation hardening. If the temperature is very high
precipitate growth is rapid and alloys overage quickly. uLlwever if
temperature is low, diffusion is slow and aging times are long. Most
alloy systems have shown higher peaks in mechanical properties for
samples aged at lower temperatures and very long aging times (ref. 3).
Alloy heat treatments usually compromise between aging time and
3temperature to achieve the highest hardness in the shortest time.
Any process that can shorten the time of aging and yet provide op-
timum mechanical properties would obviously be of great value. The
application of ultrasonic vibration to alloys during the aging
treatment has been found, by certain investigators, to be such a
process.
Ultrasonics applied to metals. - Many different applications of
ultrasonic vibration of metals and alloys have been made by many
investigators. Ultrasonic vibration applied during the
solidification process has been found to decrease the grain size of
metals (ref. 5). Metals which have been subjected to ultrasonic
vibration during annealing have shown improved mechanical properties
and finer grain size than metals annealed without ultrasonic
vibration (ref. 6 and 7). Improvement6 in the quenching process
(ref. 8), increased speed and quantity of carburization (refs. 9-and
10) and nitriding (re'-,. 11) have been reported to result from
ultrasonic energy applied during the various treatments. In
experiments where ultrasonic energy has been applied to metals during
precipitation hardening reactions, many different results have been
reported. Some investigators found that the application of ultrasonic
energy to aluminum be.se
 alloys increased the rate of hardening by a
factor of 12 to 80 times that in an ordinary static aging procedure
(refs. 12 and 13). Others have shown a 20 times increase in the
rate of hardening of a nickel base alloy (ref. 14). Still other
investigators show only slight increases in the rate of hardening for
aluminum alloys (ref. 15) and a beryllium-bronze alloy (ref. 16).
A:,
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Different peak hardness values have been reported for
vibrated specimens in relation to the hardness values for statically
aged specimens. Some investigators have found higher peaks for
vibrated specimens (refs. 7 and 12) while others have found these
peaks generally the same, or even lower than the hardness peaks for
statically aged specimens (refs. 12, 15, and 17). It should be
noted however that the alloys and types of equipment varied among
these investigations. Accordingly, the large differences in the
reported effects of ultrasonic vibration may be due in part to the
following three factors: (1) nonuniform stress in the specimen, (2)
local heating due to the vibration, and (3) use of different test
materials and equipment.
When ultrasonic vibration is applied to a straight bar type
specimen by direct; coupling to the transducer, the specimen will
vibrate most efficiently at a resonant frequency, determined by its
length. This length is therefore designed to be a multiple of one-
half the wave length of the applied frequency. When the specimen
vibrates, stress within the specimen can vary from near zero at the
free vibrating end to a maximum at the stationary nodes. Certain
investigators considered the effect of this variable stress on
diffusion of nitrogen in steel (ref. 11); and others showed that
there was increased carburization of iron in the highly stressed nodal
regions of their specimens (ref. 9). However, in most investigations
of ultrasonic aging very little mention is made of the variable
stress in specimens during the treatment. If applied stress were
important in the aging process, large variations in aging would occur
within each specimen.
-a
5The local temperature increase in the high s 4'ress region of the
specimen is another very important factor which is overlooked by many
investigators. If specimens become heated from the vibration and no
provision is made to carry away the excess heat, diffusion will be
accelerated. The resulting increases in hardening rates and changes
in mechanical properties would then be due primarily to the
temperature increase and not to some other aspect of the ultrasonic
vibration. Previous investigators who used liquid heat treating
baths, (refs. 15 and 16) showed smaller increases in hardening rates
and less diffusion effects than those who used powder or gas
environments (refs. 9 and 14).
In general, most previous investigators found that ultrasonic
vibration applied during the aging of materials increased the aging
rate and improved the mechanical properties of alloys. Various
reasons are suggested for these improvements. Increased hardening
rates with ultrasonic vibration were explained on the basis of
lattice stretr.hing and increased diffusion (refs. 6, 9, 10,`12,
and 17). Ultrasonic vibration might also increase the number of
nucleation sites, resulting in more highly dispersed precipitate.
If the vibrational eneL-gy is great enough dislocation migration
may generate defects, (ref. 18), thus creating more potential
precipitation sites. Furthermore, some investigators reported that
the effects increased with the amplitude of vibration (refs. 6 and 14).
Purpose of Investigation
The purposes of this investigation were: (1) to apply
M	 ultrasonic vibration during the aging of certain steels and
F
6superalloys, in order to determine if their hardening and
strengthening responses were influenced by the vibrations, and (2) to
consider the wide differences in results of various investigators in
an attempt to clarify which differences may be attributed to
particular experimental techniques.
rMATERIALS, APPARATUS, AND PROCEDURE
ivaterials
Specimens. - The ma-;erials tested for effects of ultrasonics on
aging were the iron-base alloys, Vasco 300 maraging steel, 17-4 PH
steel, and A-286; the nickel-base alloy Rene 41; and the cobalt-
base alloy L-605. The nominal chemical composition of each alloy is
listed in Table I. The recommended aging treatments and nominal
mechanical properties of these alloys are listed in Table II.
Specimen material was obtained in the form of 5/8- or 3/4- inch
diameter bar stock.
The Vasco 300 steel was chosen because it has a very wide range
in the degree of age hardening. Reviews of the managing reaction,
studies of the precipitates and mechanical property data are
presented in references 19 and 20. 17-4 PH steel is a martensitic
type steel and A-286 is an austenitic type (ref. 21). Ren6 41 is a
precipitation hardening nickel-base alloy that has exceptionally high
strength at temperatures in the range of 1200° to 1800° F. (ref. 22).
The cobalt-base alloy L-605, was chosen for metallographic studies
because the precipitate in this alloy can normally be seen in the
grain boundaries after relatively short aging times. Investigators
have shown that cold working of this alloy before aging causes a
more uniform dispersion of the precipitate upon aging (ref. 23).
7
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8It was desirable to see if ultrasonic vibration could similarly
affect the location of the precipitate.
Heat treating environments. - Three different environments were
used for the heat treatment of the alloys: a sodium bath, a
commercial chloride salt bath, and air.
The sodium bath was used to treat Vasco 300 and 17-4 PH steels
in the temperature range of 8000 to 1000° F. Sodium was selected as
a heat treating solution primarily because a facility for handling
liquid alkali metals was readily available. Lead can be, and has been
used as a heat treating medium, but the high density of lead would
significantly dampen the vibration of the ultrasonically treated
specimen. Sodium with a density of .97 grams per cubic centimeter
was much more advantagious to use in this investigation. The high
heat conductivity of sodium also helped to reduce any local
temperature gradients that resulted from the specimen vibration.
The chloride salt bath was used to heat treat A-286, Rene 41
and L-605 in the temperature range from 1300 0
 to 16000
 F. The
bath was a commercial mixture of chlorides termed "aeroheat 1000".
The melting point of the salt bath was approximately 1100° F. The
chloride salt bath was chosen for the high temperature aging studies
because it is relatively inert, non-toxic and has a high liquidus
temperature range.
Finally, air was used as a heat treating medium for a test of
static and vibrated specimens of Vasco 300 ma:aging steel at 800° F.
This method was similiar to tests run by other investigators
(refs. 13 and 14). The air test was used to determine the possible
9error that could result from ultrasonic vibration while heat
treating without a suitable heat transfer medium. Heat generated by
the ultrasonic vibration can heat the specimen to a higher
temperature than is indicated by the furnace thermo-couple.
Apparatus
The facility used is shown in figure I. This facility was
originally constructed to conduct cavitation damage tests on
materials in liquid metals (ref. 24). It was readily converted for
making studies of ultrasonic vibration effects on the heat treatment
of metals. The photograph shows the vacuum dry box and associated
electronics and control equipment.
A schematic diagram of the drybox, furnace, and driver system
is shown in figure 2 The drybox and test chamber were designed to
3
be evacuated to a pressure of approximately 10- torr. When sodium
was used as the heat transfer medium the drybox was filled with high
purity argon to prevent oxidation of the sodium. When chloride salt
was used as the heat treating solution, air was used as the cover gas.
Glove ports were provided on the drybox to enable the operator to
work within the argon atmosphere.
The transducer assembly was raised between tests in order to
change specimens. A photograph of the transducer-specimen assembly
is shown in figure 3. This photograph, taken through a view port of
the drybox, shows the transducer housing, a portion of the
amplifying horn with the nodal seal, and a straight bar-type
specimen. The upper end of the test chamber and tht-^ furnace housing
are shown in the lower portion of the photograph.
i
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A schematic diagram of the transducer assembly is shown in
figure 4. The specimen was attached to the end of the resonant
system consisting of the transducer and amplifying horn. The
transducer was a commercial unit modified for use within the vacuum
drybox. The horn served as a displacement amplifier and provided a
convenient attachement for a nodal flange vapor seal. All of the
components of this system were designed so that the length of each
part was a multiple of one-half the wavelength of the frequency to be
used in the test. This design makes it possible for the entire system
to vibrate as a standing wave of the resonant frequency.
The amplitude and frequency of vibration were detected by a
magnetic pickup. A mine wave signal was sent from the pickup to an
oscilloscope and to an automatic feedback system that maintained a
constant, amplitude of vibration irrespective of variations in the
resonant frequency induced by temperature changes. The electronic
drive and feedback system is described in reference 25. A schematic
diagram of the system is shown in figure 5.
The sine wave signal viewed on the oscilloscope, was
callibrated against optical measurements of the specimen amplitude.
A 200-power microscope with a split-image measuring eyepiece was
used. The accuracy of measurement with this eyepiece was
0.00002 inch. A photograph snowing the optical callibration equipment
is presented in figure 6. The specimen shown is tapered to allow a
greater maximum vibration amplitude. The design of specimens will be
discussed in the next section. Vibration amplitude was measured in
the folloviiag manner: The light was adjusted until a pinpoint of
11
light was reflected from an indentation on the side of the specimen.
When the specimen was vibrated the pinpoint of light appeared in the
eyepiece as a band of light. In operating the split image eyepiece,
two images of the band of light were first superimposed. Then the
eyepiece was adjusted so that the images were separated until they
dust touched each other. The amount of travel to separate the image
was measured by a dial on the eyepiece. This value was used as a
measure of the peak-to-peak amplitude. A plot of this amplitude was
made against the corresponding oscilloscope voltage. Callibration
curves obtained for some tests materials are shown in figure 32 in
the appendix.
The test chamber, amplifying cone and specimen are shown in the
photograph of figure 7. This photo shows the relative location of
the specimen when it is immersed in the sealed test chamber. The
liquid level is indicated on both the test chamber and specimen.
Figure 8 is a schematic drawing of the relative positions of the
heater, test chamber, fluid, specimen, and thermocouples. Temperature
profiles were made both in the liquid baths and on the specimen sur-
face at all temperatures. These will be discussed in the section
dealing with test conditions.
Finally, the experimental set-up for aging tests made in air is
shown in figure q. This photograph shows the 3-zone resistance-
heater furnace and a thermocoupled specimen used to measure the
temperature gradients. The thermocoupled specimen was not used during
vibration tests however, because of the inability of the thermocouples
to reamin intact or to stay on the specimen during the ,ultrasonic
ribration test.
I
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Specimen Design
Two types of specimens were used- the straight-bar type and the
tapered specimen. A diagram of a straight bar specimen is shown in
figure 10. The specimen was designed in such a way that a standing
ultrasonic wave ( at 25 , 000 cps ( hertz) frequency) was maintained
during the test. The length of each specimen was determined by the
wave length of the 25,000 hertz wave in each specific material.
Values used for the calculation of wave lengtL in all test materials
are ^4iven in Table V in the appendix. Also included following this
table is a sample calculation of the wavelength of the 25,000 cps
wave in Vasco 300 maraging steel.
After machining, each specimen was attached to the resonant
system and vibrated.. The specimen length was then adjusted to
account for the decrease in its natural resonant frequency which
would accompany an increasing length and decreasing modulus on
heating. Small slices were removed from the end of each specimen
until it would vibrate at a frequency approximately 2 to 3 percent
higher than 25,000 hertz at room temperature. Thus when heated, it
would vibrate at a frequency near the desired 25,000 hertz.
The second type of specimen used in these tests is shown in the
photograph of figure 11 and illustrated schematically in figure 12.
The tapered specimen was designed so that the amplitude of vibration
was higher in the portion of the specimen that has the smaller diam-
eter. High stresses up to the fatigue failure level were generated
in tapered specimens of Vasco 300 steel and 17.4 PH steel. The de-
sign of ultrasonic fatigue specimens is eiscussed in refs. 26 and 27.
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One-half of the straight bar specimen (or 1/2 w8.velength) was
completely immersed in the heat treating fluid. Thus a relai vely
constant temperature was maintained throughout this lower portion.
The temperature gradient in the upper half of the specimen was very
steep, but this portion of the specimen was not used for age-
hardening data and it served as a coupling between the hot zone of
the furnace and the air cooled transducer.
An idealized example of the amplitude, stress and strain rela-
tionships for a standard bar specimen is shown in figure 13. In the
portions of the standing longitudinal wave where the vibration is
maximum the strain and corresponding stress are minimum. Where the
amplitude is minimum (at the nodes) the stress and strain are maximum.
The equations for stress rind strain based on amplitude (deflec-
tion) and distance from the node are given in the Appendix following
Table V. A sample calculation of stress and strain for a Vasco 300
marag:i.ng steel specimen with a 2-mil peak-to-peak amplitude is also
included. All values of the maximum cyclic stress for all the mate-
rials tested were calculated from the formulas and are given in
Table III.
Test Conditions
The test conditions for each material are listed in Table III.
For all materials that were subjected to ultrasonic treatment a
control sample was given a static aging treatment at an equivalent
temperature in the same apparatus. Both the static and vibrated
specimens were treated for the time intervals shown, checked for
hardness, and then returned to the heat treating bath for the next
_dr. i"
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time interval. The specimens were treated one at a time so that
vibration would not be transmitted from the ultrasonically
vibrated specimen to the statically aged specimen.
The test temperatures for the alloys were the manufacturers'
recommended aging temperatures. Vasco 300 was also treated 1000 F
above and 1000 F below the recommended aging temperature.
The temperature of the heat treating bath varied slightly from
the bottom to the top. Temperatures were measured with thermocouples
attached to the specimens during static tests (figs. 8 and 9), and
also by several thermocouples in the bath during both the static and
vibratory tests. Bath temperatures agreed to within i30 F of the
measured specimen temperature.. The temperature gradients along the
static specimens at all test temperatures are shown in figure 14.
The temperature of the lower half of the static specimen varied by no
more than 1200 F from the stated test temperature. In vibration
tests, the liquid was stirred by the cavitation at the lower end of
the specimen, and consequently the bath temperature in the vicinity
of the lower half wavelength of the vibrating specimen varied by no
more than + 100 F.
Several different amplitudes were investigated to determine the
effect of stress on aging. Two types of stress were considered:
(1) the maximur.; of the vibrational amplitude-dPpendent stress, up to
the fatigue limit and (2) the variable stress within t:le specimen
that results from the standing ultrasonic wave configurat.on of the
specimen. Specimens vibrated at an amplitude of more than 3 mils
were of the tapered type described in the previous section.
15
Test Procedure
Hardness measurements were made along the lengths of the
specimens using a Rockwell automatic hardness tester. Hardness
measurements were reproducible within +0.5 unit on the Rockwell C
scale and +1.0 unit on the Rockwell R scale. After a hardness
traverse was made on each specimen in the solution heat treated
condition, it was then placed into the test facility. The furnace
was then brought to temperature and the specimen was lowered into the
bath. When a specimen was first immersed, an immediate drop in the
temperate_.. of the bath occurred, but the test temperature was
usually attained in less than 10 minutes. The test time was
measured from when the temperature of the lower 1/2 wavelength
region was within 20° F of the stated test temperature. The
vibrating specimens stirred the solution and added some heat to the
bath and thus the time required to reach within 20° F of the
temperature was usually less than 5 minutes wi;h these specimens.
The difference in the immersion time between the static and vibrated
specimens allowed the static specimen to be exposed to the heat
treatment for slightly longer times. However the effect is thought
to be negligible because the relative diffusion rate would be much
lower during these times. Also the time difference at longer test
times would amount to less than 1 percent of the total treatment
time. If the specimens had been immersed and brought to temperature
before vibrating, the sudden surge of heat from the vibration would
have caused the bath to overheat. Slightly lower f-.irnace control
settings were needed to maintain the temperature with the vibrated
specimen.
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After each treatment the specimen was removed, air cooled,
cleaned, and measured for hardness. This process was repeated until
the hardness reached a certain level, or began to decrease by
overaging. Bearing surfaces were always maintained free of metal
raised by previous Rockwell impressions. The vibrating tests of
tapered specimens ended when the specimens failed suddenly at the
nodes. After thermal treatments were completed, tensile tests were
conducted on specimens cut from some test bars, and metallographic
examinations were made to determine the distribution of visible
precipitates resulting from both the static and the ultrasonic
vibration aging.
RESULTS AND DISCUSSION
Hardness Measurements
Hardness measurements for the materials are listed in Tables
VI to XI in the appendix; and curves of hardness versus specimen
position at various times are plotted-.'in figures 15 through 18.
Adjacent data points are ,joined by straight lines to facilitate the
association of the data points from each time curve. Heavy lines
indicate curves that are cross plotted in later figures.
Curves for straight-bar specimens of Vasco 300 maraging steel
aged statically and with ultrasonic vibration are presented in fig-
ures 15a through 15g. From these curves, it is obvious that hardness
increases with exposure time except for long times at 1000 degrees
where overaging was observed (figs. 15(f) and 15(g)).
In the lower halves of the specimens which were immersed in the
sodium bath, a small hardness gradient was observed. This was due to
the temperature gradient in the sodium shown in figure 14. Note that
the specimens treated with ultrasonic vibration stirred the fluid,
and therefore snowed more uniform hardening than the statically
heated specimens.
In the upper halves of the specimens hardness values decreased
to the hardness values of the unaged specimens. This reduction is to
be expected because the upper ends of the specimens were attached to
the cooler resona.c cone and transducer assembly and were above the
17
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level of the heat treating bath. This liquid is shown on the curves
of all the figures.
Nodal points are indicated on the curves of vibrated specimens
(figs. 15(b), (c), (e), and (g)). In these regions stress and strain
were maximum. In general, no difference was noted between the hard-
ness at this part of the specimen and at other locations that were
subjected to less stress and strain.
Hardness curves for specimens of 17- 4
 PH steel statically
aged at 9000
 F are presented in figure 16a; and curves for
vibrated specimens are presented in figure 16b. The general shape of
these curves is the same as those for the Vasco 300 maraging steel.
However, this material shows definite overaging (or softening) of the
atraight-bar specimens. Because the total change in hardness for this
material is relatively small, the hardness scales have been expanded
to show the results more clearly.
Hardness curves for statically aged specimens of A-286 are shown
in figure 17(a); and curves for specimens vibrated at .8 to 2.0 mils
are shown in figure 17(b). The specimens vibrated at 2.0 mils and
1.5 mils failed after 9 minutes and 30 minutes respectively.
Although no fracture was observed, the specimens would not maintain
the initial vibration amplitudes after these respective times.
"Nodal effects" of slightly increased hardness at the nodes were
observed in both specimens. This hardness increase is believed to be
the result of "cyclic hardening" as discussed in reference 28. The
ratio of the applied cyclic stress to the flow stress in the nodal
zone may have exceeded a :ertain value which is believed to be
19
necessary for cyclic hardening and eventual fatigue failure. Tnis
value has been reported (ref. 28) to be approximately 0.6. In the
present investigation the actual yield strengths of the materials
are changing during the tests and thus the ratio would be high
initially and would decrease as the material ages. However, using
the 0.2 percent yield strength values for the fully aged material at
the test temperature, the ratio is 0.23 for the 1.5 mil vibrated
specimen and 0.31 for the 2 mil vibrated specimen. The values used
for the calculation of the ratios are given in Table XII in the
appendix. The A-286 specimen vibrated at 0.8 mil with a ratio of
0.12, showed no nodal hardening effect even after 120 minutes of
vibration.
Hardness curves for specimens of Rene 41 are shown in figure 18.
Curves for the static specimen are plotted in fig--re 18(a), and for
specimens vibrated at 1 and 2 mils in figure 18(b) and (c)
respectively. The specimen vibrated at 2 mils failed after 18
minutes. The hardness peak in the curve of figure 18(c) above the
fluid level is balieved to be due to cyclic hardening coupled with
nodal heating. Severe cracking was observed near the upper node of
this specimen. The cyclic stress / yield stress ratio was 0.09 for
the 1 mil vibrated specimen and 0.18 for the 2-mil specimen. All
specimens of all materials tested at cyclic stress to yield stress
ratios of greater than 0.18 exhibited eventual fatigue damage or
vibration amplitude reduction.
Hardness curves were not plotted for L -605 be(,aus;, no
significant change in hardness ordinarily occurs on aging in the
20
annealed state.
	 This material was tested primarily to make
metallographic studies of the precipitate distribution.
Comparison of Hardness Results Between Static Aging and
Ultrasonic Vibration Aging
The hardness vs position curves for static and vibrated
specimens treated at different temperatures are presented in figures
19 through 22. The static and vibrated specimens are compared at
various time intervals. Solid lines represent specimens that were
heat treated with no vibration, and the dotted lines represent
specimens that wire vibrated ultrasonically while they were being
heat treated. In general, the specimens treated with ultrasonics
reached higher hardness values in L given time than specimens that
were statically aged. However, the increase in hardness was usually
only a few hardness points above the hardness of the statically aged
specimens at any given time. The ultimate hardness reached for
vibrated specimens was the same as the peals hardness for statically
aged specimens that were aged for the maximum recommended time at
temperature. An increase in the rate and amount of overaging was
observed for alloys ultrasonically vibrated as compared with the
static tests.
The hardness curves for Vasco 300 maraging steel specimens
treated at 800 0 , 9000 , and 1000° F are presented in figures 19a,
19b, and 19c respectively. All curves show an increase in the
hardness of the middle portion of the vibrated specimen over that of
the static specimen, but this, increase is due primarily to the
increased temperature of liquid near the surface caused by stirring
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of the solution during vibration. The most signiiiiant portion of the
specimen is the lower quarter in which the temperature profiles were
nearly identical for vibrated end static tests. For the vibrated
specimen treated at 800° F, (fig. 19(a)) a slight increase in hard-
ness over the static specimen was observed at 45, and at 60
minutes, but beyond 90 minutes, the two specimens exhibited nearly
equal hardness values. The maximum increase in hardness at any
specific time of the vibrated over the static specimen was one point
on the Rockwell C hardness scale. Although this small difference in
hardness might have been caused by scatter, the results of at least
10 hardness measurements in the lower position of each specimen were
consistent (see fig. 19(a) at 45 and 60 min.).
At 900° F (fig. 19(b)), the vibrated specimen shows a slight
hardness increase over the static specimen from 5 to 180 minutes,
but nearly the same hardness beyond 240 minutes. During the very
early stages of vibration of this alloy, a "nodal effect" was
observed at the 5-, 15-, and 30-minute time intervals, but this
slight increase in the curves disappeared at longer test times.
Because this effect was not observed consistently at other
temperature ,-, it is believed to be due to a slight variation in the
temperature of the heat treating bath.
At 1000° F (fig. 19(c)) the vibrated specimen exhibited
accelerated aging at 5 minutes. The lower quarter of the vibrated
specimen had a hardness value of approximately RC 47.5, while the
static specimen had a value equal to about RC 46. However, at 30 and
120 minutes the two specimens were nearly equal in hardness. At 240
r4.
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and 360 minutes the vibrated specimen obviously decreased in
hardness (or overaged) while the static specimen maintained its peak
hardness.
A comparison of hardness curves for vibrated and static
specimens of 17-4PH steel is presented in figure 20. The 900° F
temperature was the optimum recommended heat treating temperature for
this alloy. Because the total hardness change of this alloy is only
about 12 units on the Rockwell C scale, the vertical scale on the
figure is expanded by twice the scale for the other materials. This
specimen behaved in a manner similar to the Vascc 300 maraging steel
specimen tested at 1000° F. At 2.5 and 5;minutes the vibrated
specimen showed accelerated aging over the static specimen. At 5
minutes a difference of about 2.5 Rockwell C scale units was noted.
Between 15 and 30 minutes the two specimens were nearly equal in
hardness, but after 60 minutes both specimens overaged considerably.
At 360 minutes the hardness of the vibrated specimen was as much as
2 Rockwell C units below that of the statically aged specimen.
Hardness versus position curves for A-286 specimens are ohown
in figure 21. A static specimen and specimens vibrated at 0.8,
1.5, and 2 mils were heat treated in chloride salts at 1300° F.
After 5 minutes no improvement was observed for the vibrated
specimen over the static specimen. But after 30 minutes, both
vibrated specimens showed an increase in hardness of about ?.Rockwell
C scale unI'^s above the hardness of the static specimen. The
specimen vibrated at 0.8 mils remained 1.5 Rockwell C units harder
than the static specimen after 2 hours.
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Hardness versus position curves for specimens of Relie 41 heat
treated at 1400° F are shown in figures 22(a) and (b). Figure 22(a)
shows the hardness results for the static specimen and a specimen
vibrated initially at 2 mils. Figure 22(b) shows the hardness results
for the static specimen and a specimen vibrated at 1 mil.
The specimen vibrated at 2 mils showed no improvement in the
hardening rate over the static specimen. However, this specimen
failed after 18 minutes of testing. Failure was indicated by a
gradual decrease in the vibration from 2 mils to about 0.2 mils
during the last 5 minutes of the 18 minute test. While the data for
the 18-minute test show that the vibrated specimen had a lower
hardness in the heat treated zone than did the static specimen, this
may be attributed to the fact that the initial hardness of the
^^ibrated specimen (at 0 min.) was an equivalent amount lower than
that of the static specimen as is also shown in figure 22(a).
The specimen vibrated at 1 mil, shown in figure 22(b), was
nearly equal in hardness to the static specimen at the start of the
aging test. This 1 mil vibrated specimen showed no hardness increase
over the static specimen until after 120 minutes of vibration. At 240
minutes the vibrated specimen had a maximum hardness increase of 2
Rockwell C units above the hardness of the static specimen.
Effect of Vibration Stress ors Aging
Hardness versus position curves for specimens vibrated at
different amplitudes are shown in figures 17(b), and 21 through 25.
From these curves it can be seen that stre3ses resulting from
ultrasonic vibration amplitudes of 0.8 mil up to 6.4 mils have no
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effect on either the rate of aging or on the peak hardness results
obtained. As previously mentioned a few indications of increased
hardness were observed at nodes, but cracks were also observed in
some of these regions. Therefore, the hardness increase is believed
to be due to cyclic hardening of the metal end not due to any ultra-
sonic vibration effect upon the aging process.
Specimens of Vasco 300 maraging steel were aged at 800 0 F, and
the hardness versus position curves for a static specimen and s peci-
mens vibrated a4. ? and 3 mils are shown in figure 23. The curves
for the ?- and .'.-mil vibration specimens are essentially the same in
value and shape, and also overlap the static specimen hardness curves
in the laver 1/4 wavelength regions. Also from this figure it can be
seen that the hardness at the high stress node is not significantly
higher than the hardness at the antinode. These curves support the
conclusion that an increased vibration stress does not:increase'the
hardness of the alloy tested.
Figures 24(a) and (b) show the results of the 900 0 F aging tests
of tapered specimens of Vasco 300 maraging steel. Figure 24(a) shows
the hardness versus position for the static specimen and figure 24(b)
shows the hardness versus position for the two vibrated specimens.
Each vibrateu specimen was run until a fracture occurred. The
tapered specimen vibrated at 5 mils failed after 22 minutes 12 sec-
onds, and the specimen vibrated at 6.4 mils failed at 16 minutes
35 seconds. The hardness measurements were made only in the lower
1/2 wavelength (small diameter portion) of the tapered specimens.
After 5 minutes of aging the specimen vibrated at 5 mil!- had the
same !grdness increase as the static specimen. After 15 minutes the
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hardness of this vibrated specimen compared closely with that of the
static specimen aged for 16 minutes 35 seconds. At 22 minutes
12 second a, however, the hardness of the 5 mils vibrated specimen was
lower than that of the static specimen. This result may be due in
part to the extra time necessary to bring the static specimen to
temperature.
At 10" minutes 35 seconds, the specimen vibrated at 6.4 mils
was slightly lower in its hardness (approximately 1.5 Rockwell C
scale unite) than the specimen vibrated at 5 mils for 15 minutes, and
it was lower than the hardness for the corresponding static test.
This may be due to the extra time of exposure to high temperature of
the 5-mil vibrated specimen when the 5-minute test was made. This
lower hardnesr, however, indicates that increased stress does not
increase the hardening rate over that obtained in a static test or
obtained at a lower vibration amplitude. Also of major significance
in these tests, is the fact that vibrated specimens that broke in the
high stress (nodal) region showed no increase in hardness near the
nodes as compared to the remaining portions of the sl,ocimens. Thus,
in this case, ultrasonic vibration stress has very little effect on
the age-hardening reaction for the material Ho cyclic hardening
effects were found for these specimens because Vasco 300 maraging
steel is not subject to work hardening (rer. 29).
Curves of hardness versus position for tapEared specimens of
17-4 PH steel are presented in figure 25. A static and vibrated
specimen were run for 5 minutes. The vibrated specimen with an
amplitude of 5 mils failed at 4 minutes 58 seconds. Although
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considerable scatter is evident in the hardness data of figure 25,
the vibrated specimen showed hardness values of about 2 units on the
RN-45 scale above the hardness values of the statically aged specimen.
These results are in good agreement with hardness results of
straight-bar specimens of 17-4 PH steel presented in figure 20. It
was also noted that hardness values of the vibrated specimen were no
higher in the highly stressed nodal region than they were in other
parts of the specimen.
The results of the effects of increased vibration stress on
hardening for A-286 and Ren6 41 have been mentioned previously and
are presented in figures 21 and 22, respectively. For A-286,
increasing the vibration stress did not significantly change the
hardness -results. For Rene 41 at 18 minutes of aging time, the
lower stressed ber seems to have a higher hardness than the highly
stressed bar. However, the initial hardness of the low stressed bar
was higher than that of the high stressed bar by the same amount.
Therefore, the effect of hardening was actually the same for
specimens vibrated at 1 and 2 mils. The results for A-286 and
Rene 41 further indicate that stress does not effect the extent
of age hardening due to ultrasonic vibration-,he same conclusion
as observed for specimens of Vasco 300 managing steel and 17-4 PH
steel.
Comparison of Tensile Property Results Between Static Aging
and Ultrasonic Vibration Aging of Materials.
Tensile tests were made to determine if ultrasonic vibration of
specimens during aging had any effect on tensile strength, yield
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strength, and ductility. The tensile specimens were cut from nodal
portions of Vasco 300 maraging steel straight-bar specimens that were
aged both statically and with vibration. Figure 26 is a schematic
diagram of a standard tensile specimen, used for these tests. The
thread diameter was 7/16-inch and the test section diameter was
1/4-inch. The gage length used a 1 inch.
Figure 27(a) is a photograph of the arrangement of tensile
specimens as cut from a straight bar specimen after it has been
subjected to the aging test. The specimens in the photograph of
figure 27(b) were cut from the maraging steel bars (both static and
vibrated) that were aged at 800°, 900 0 , and 1000° F. The tensile
specimens were cut in such a way that the nodal portions of the test
bars were approximately in the center of the tensile specimen. Only
the specimens cut from the lower 1/2 wavelength of the bar were used
for data and are shown in figure 27(b). This lower 1/2 region of the
original test bar specimen was subjected to the most uniform heat
treatment. The tensile specimens cut from the upper 112 wavelength,
which had a high temperature gradien., were used a: dummy specimens
to check out and align the tensile test apparatus.
The gage length portion of each specimen was uniform so that the
location of the break would indicate the weakest portion of the
specimen relative to the node. From figure 27(b), it can be seen that
two of the vibrated specimens broke slightly away from the nodal
center, but the vibrated specimen age": at 1000 0
 F broke at the node.
This result sight indicate that the vibrated c picimen nodes, except
for the overaged specimen, :iad higher strength than the remaining
4
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portions of the specimens. However because the number of specimens
is too small statistically, it is felt that the location of breaks
in all these specimens represents random scatter.
The results of the tensile tests of the Vasco maraging steel
specimens are presented in Table IV and shown in figure 28. The
solid line represents the statically aged specimens and the dotted
lines the vibrated specimens. From figure 28 it can be seen that at
800° and 900° F, the tensile strengths and yield strengths of the
vibrated specimens increased over those of the static specimens by
2 and 3 percent, respectively. The ductility, represented by both
elongation and reduction in area remained relatively the same for
both specimens. After aging at 1000° F the tensile and yield
strengths of the vibrated specimen decreased by 5 and 6 percent
respectively below the strengths of the statically aged specimen.
The ductility, as indicated by elongation, of the 1000° F vibrated
specimen increased by approximately 1 percent but the reduction in
area of this specimen at fracture decreased by approximately 6 per-
cent. This result might be an indication that the vibrated,
overaged specimen had a higher fracture strength than the statically
aged specimen.
In general, improvements in the tensile mechanical properties
of specimens subjected to ultrasonic vibration were slight; but the
improvements were consistent with the results of hardness tests
presented previously.
Metallographic Study of Precipitate in L-605
1	 Most of the precipitates formed during the previous aging tests
I
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were submicroscopic and would have been visible only after
overaging for very long times. L-605, however, is an alloy which
forms a visible deleterious precipitate near the grain boundaries in
relatively short aging times. Investigators have found that working
this alloy before aging can cause precipitates to nucleate and grow
within the matrix (ref. 23). In the present investigation ultrasonic
4-'	 vibration was applied to this alloy in several different ways during
aging, and the alloy was then examined metallographically to
determine the location of the precipitates.
Figure 29(a) shows the microstructure of the cobalt-base alloy,
L-605, in the as-received, solution heat treated condition. Figure
29(b) shows the structure of the alloy. as aged statically at
16000 F for 10 hours. Most of the precipitate is observed in or near
the grain boundaries. Figure 29(c) shows tae structure of the alloy
that was subjected to vibration (1.4 ails) for 10 minutes at 1600° F,
and then statically aged at 1600° F for 10 hours. The precipitates
were still seen to form at or near the grain boundaries. Figure
29(d) shows the structure of the L-605 that was vibrated at 0.8 mil
for 10 hours while it was being heat treated at 1600° F. Again, as
in the case of the other two aged specimens, most of the
precipitates formed at or near the grain boundaries.
On the basis of these tests, it was concluded that ultrasonic
vibration did not form nucleation sites for precipitates within the
matrix of the alloy. Precipitates formed at or near grain bounda-
ries in both the vibrated and in the statically aged specimens.
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The Effect of Heat 'treating Environment
The present investigation has shown a relatively small
improvement in the hardening rate of alloys as compared with some
other investigations (refs. 12 and 14). As mentioned in the intro-
duction, many previous investigators did not consider the heat added
to the system by the ultrasonic vibration itself. Many of these
earlier tests were carried out in gas or powder environments, in
which heat could not be quickly removed from certain regions of the
specimens. However this heat from the vibration could be more
effectively dispersed if the specimen were treated in a moving,
heat-conducting fluid.
To check the heating of a specimen vibrated in air, za
infrared temperature measuring instrument was used to scan a
vibrating specimen. No heat was cupplied to the specimen except for
the heat generated internally by the vibration of the specimen itself.
The lower temperature limit of the infrared viewer used was 200° F.
The results of this temperature survey are presented in figure 30.
The specimen was vibrated at approximately 2 mils. Within 10 minutes
the lower node of the specimen reached 310° F. After 30 minutes
vibration the lower node of the specimen reached 395° F and the
antinode measured about 280° F. This heating due to vibration
would considerably influence results of ultrasonic aging tests if
steps were not taken to remove the added heat, especially for
materials such as aluminum that are tepted at room temperature.
To further test t:.is heating effect, specimens of Vasco 300
maraging stem were treated in an air furnace at 800° F. A static
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and vibrated specimen were subjected to the 800° F temperature for
5 minutes. After the 5 minute aging tests, hardnese measurements
were made. The results of the hardness measure: nts are shown in
Table XI of the appendix and in figure 31 of the text. From the
figure, it can be seen tra;i; the vibrated specimen was unquestionably
harder than the statically aged specimen, and a possible nodal effect
was observed. These results emphasize that the effects of ultrasonic
vibrations on aging can only be meaningfully evaluated if specimens
are heat treated in a medium which can eliminate or minimize
thermal differences within the specimen.
SUMMARY OF RESULTS
1. Ultrasonic vibration superimposed on alloys during aging
increased the rate of hardening for most of the alloys tested, but
the effect was not more than 4 units on the Rockwell B scale or more
than 2.5 units on the Rockwell C scale at any given time.
e. The peak or ultimate hardness was not increased for tests of
alloys carried to the maximum recommended static aging times.
3. Vasco 300 maraging steel at 1000 0 F and 17-4 PH steel at
900° F showed definite acceleration of the overaging process for the
ultrasonically vibrated specimens.
4. Room temperature tensile tests of ultrasonically vibrated
Vasco 300 maraging steel at 800 0
 and 900° F showed slight improvements
in mechanical properties while a relatively constant ductility was
maintained. The tensile strength increased by 2 percent and the
yield strength increased by about 3 percent.
5. For all materials, variation in vibration stress from near
zero •.ip to the fatigue stress did not cause any differences in the
results of precipitation or age hardening due to ultrasonic vibration.
6. Matallographic examination of precipitates in vibrated L-605
specimens showed no differences ir..the precipitate distribution
from the statically aged specimens.
7. An ultrasonic vibration aging test made in an air furnace
showed a considerable increase in the age hardening rate over that of
32
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a static specimen_ aged. in air and of vibrated specimens aged in
liquid bath— This increase was due to the increased specimen
temperature induced by the ultrasonic vibration.
I .
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APPENDIX
Figure 32 - Calibration curves for test specimens used in ultrasonic
vibration aging studies.
Table 5 - Calculation of wave length of 25,000 hertz frequency in
test materials.
Table 6 - Hardness versus location measurements for Vasco 300
maraging steel.
Table 7 - Hardness versus location measurements for 17-4 PH steel.
Table 8 - Hardness versus location measurements for A-286.
Table 9 - Hardness versus location measurements for Rene 41.
Table 10 - Hardness versus location measurements for L-605
subjected to various aging test at 1600° F.
Table 11 - Hardness versus location measurements for Vasco 300
maraging steel specimens aged in air at 800 0 F.
Table 12 - Calculation of cyclic stress/yield stress ratio for age
hardening test materials.
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CALCULATION OF WAVELENGTH OF 25,000 HERTZ WAVE IN VASCO
300 MARAGING STEEL
Wavelength = ^, = c/f
f = Frequency = 25,000 Hertz
c -= Velocity of sound in metal = —VE p
E = Modulus of elasticity .
g = Gravity = 32.2 ft/sec2
p = Density
From Table I - For Vasco 300 steel:
E = 27.5 X 10 6
 lb/in2
p = 0.289 lb/in3
Then:
c =	 (2.75 X01 )(32.2)(12)	 in/sec
0.289
1.92 X 105 in,/sec
And:
a=C/f= 1.92X105
22. 5
7. 68 ir..
EQUATIONS OF S'T'RESS AND STRAIN BASED ON DISPLACEMENT
AMPLITUDE FOR SPECIMENS SUBJECTED TO ULTRASONIC
VIBRATION AT 25,000 nRTZ
(A) Derivation cf Stress and Strain Relationships
From Reference 26:
Disil ,icemeni, at anv point of straight bar:
S • g,, Sin kY,	 'Where k = 23T/A = flc
S z NUximum di.s?:+ i
 acen -.nt
a = Distance frog, F-cationar,,r node -of sxeeimen
T -= Wave? er.; th c l.' sound in epecimen mat=rial
•f	 Frequen,: ; = 25,000 He-';z
c = Velocity az sound in material
Bounddx°y ix:;;a '_ti cns :
(1) Az Tani i ` c,` ma.ximu-e di spla.c emant, x = A,1'4
	
\L+	 o	 z
(2) At point of minimm 316p=:cement, x = 0
3 - -d"  Cj ".. O = Cs
	
By Definition:	 Strain tG)
y
_x
C° d ° - a c	 C s 2 Yr x
	
n	 'X
max occurs at point of minimum displacement
x = 0
	
m^ n. x	 o	 COS C)	 0.k	 o -^
Stress (maximum can be calculated from
a-
max 
= L 8 max
Where ter,, , x = Maximum stress
E = Modulus of elasticity
E = Maximum strain for displacement
2or a-
,m ^ x - E 
^ ^^
,r
(B) Calculation of Maximum Stress for a Vasco 300
Maraging Steel Specimen with a 2 mil (Peak to
Peak) Maximum Amplitude:
From Table 1
E = 27.5 x 106 'b/in2
A = 7.68 in
Amplitude of 2 mils(peak to peak) = 1 mil
displacement from zerc, (or 0.001 in)
Then, from
^,^^ X = E ^0 2rr
T
(27.5 X 106)(0.001)(2)(it)
7.68
- 22,500 lb/in2
TABLE 5
HARDNESS VS LOCATION MEASUUMNTS FOR VASCO 300 MARAGING STEEL
(a) STATIC HEAT TREATME: iT AT 800 1) F
T/ME ` Is M. r.	 30 M,+L
	
46 M. ►ti	 60 M. ru
t^
# H^ 0 yRC NRC ~AC
0.2/ #11.6 0. 13 45.1 0-/8 4146.1 0.25 97.2
0.75 0. 5 0.76 45.8 0.80 #6 # 0,79 4 733
1.21 44f 2 120 1/5.6 /. Z2 //6 . N 1. 22 0Z 2
/90 W. /.90 45.8 /.9/ '16.6 /.93 Y7 0
2.51 143.8 ,2.52 1/5.6 2.55 46.7 2.5-I 147.3
3.60 1111 / 12.98 45./ 3.10 416.6 3, 1 0 1/ 7/
3.66 113.7 3.69 45 1 3.69 Y6.6 3.70 472
4, 29 Nj.3 4130 45.2 11.?7 A/6.2 *,39 46.9
490 /3.2 4.94 X11, 8 y, 96 1146.2 5.00 H 7./
5,36 1/3.2 5.55 1/y 8 S.55 46. / 5.60 47.0
6.0210 V12.8 6.z0 y f.R 6.23 Y.S.B 6.30'16.8
6.814 112.Y ^•8`/ 41 1/• R 6.86 ys..8 6.E9 146.8
7 1/9 W. 5 7.51 x/1/.2 7.50 l/5. lv 751 1/6. y
16 142. ?. 815 yy. ! 8.2011'5.5 8. /8 yG.Y
00. 75 yR. Z 8.79 1441.0 S. 8/ 45.2 8.85 46.2
9.'l / y/. 9 9.,/.5 1/ 3 . 6 9. 140 ys 0 9.52 4S. 9
/0 ' /6 #/.S 1010 413 . 6 lU109 IVY,,  9 /0.000 W.
/2.52 yG. S 1.2.60 #R. 6 4F.58 113. 9 Ze. 58 115.2
/:5./,2 31/.8 15.10 35.7 /S /O 35.9 15-10 3C.2
/z ,/? 30.0 17145 31•5 1744V 3/.3 /71441 3/. S
t n= /l, s fa v,re (" e*") fro'" f/af e»d of Specirnem
^► 	 At O fi ^+e,
	 /ia-, c/v ess Of  e,, 1, vt rPC 
	 -,-
= RC 30 - a/.
TABLE 6 - Continued
(a) Concluded - STATIC HEAT TREATMENT AT 800' F
90 M/A/
D N
0./l q'7.5
o.eo y ^ 9
/.24 N7.9
/.96 X17.7
,2.56 48.0
,3.00 A/78
3.48 #77
1 #1  117 6
5.0Z 117.5
5.63. Y75
6.32 47.y
6.92 47.2
7.50 47.5
8-/8 47- /
8.8Y '/7.2
9.4(1 46.8
/0.07 46.9
/Z 55 116.1
/zo /W//V
D H,^
0.73 'l91.0
/. 35 V9.0
/.98 A^8.7
2.57 48.8
3.12 48.7
3.65 48.7
Y35 48.5
5.04 48. 6
5.79 48.4
6.50 *8.7
709  48.2
7.62 98.3
8.30 47.8
8.90 47.9
9:57 47.8
/0.05 47.8
12.50 47/
/s.0/ 37.6
/7.45 3/.2
/80 M/ N
D Ha,
0. // #8.9
0.7/ 0 y
/.30 '19.5
/.97 y9.,f
258 49.7
3.11 49.5
3.62 49.6
Y.35 49.4
5.05 49.5
5.78 #9 9
6.52 49.4
7.08 49.1
7,6/ 49.2
8.29 48.9
8.9/ 48.8
9.55 116.7
/0.03 49.7
12. ^S 118.2
r
11198 38.3
17.43 32.2
.?40 M! N
") INR
0./2 118.9
0.77 4(177
3/ 49.9
/, 98 49.8
2.59 49.8
3.112 49.8
3.6q l9.7
4, 33
 
49. 7
S.c^B 49.3
5.76 V?5
6.52 'Sl9 4
7.// Y?3
7.68 49.1
6.27 49.2
8.95 µ9. /
9.51 119. /
/0.o 1 48.8
12.43 48.8
/4.97 38.5
17411 J2. /
.360 MINT
n ^!Rc
0.75 50. l
/.3/ 50.3
1.96 SG
3 /9 50.3
3.69 50.3
Y..35 SO./
5.09 50,l.
5.74 50.2
119.9
7.70 49.9
825 49.6 i
8.98 49.8
9.58 44.81
/0. /0 498
1.2.50 119.2
^y?a 3Z8
1735 33.5
►/4169-39.6*1 ,Y. 7/ - 38.8 xly10-39.6 • 0.28 - 3,0.2
»/2.95 - 1/9.6
,03 73 - V6.8
^ly zh- X1.3
•11166 -110.0
'► l6./L • 35.3
:ABLE 6 - Continued	 0
(b) aTRASONIC VIMIAT70N AT 8000 F	 ( MULS)
Z ME_ /S1^rt	 30 M/7a	 113 M.+1	 60 M• ft
D 1 H9 O / /p O NRC
0.2.6 lfq./ 0. /,? •V5.1 D•/0 yS.9 010 '/5.8
0.70 411. 5 0.741 1/5.7 0.7/ 4(7/ 0.78 117.9
/.25 4yf 2 Z22 116.0 /-Z/ '/6.9 1.2'/ y 7 6
/.85 air./ 16lv 46.9 1.84 470 1.85 N7Y
2.45' '1/ 45.9 e.40 Al :r 4Z Y7.7
3.1 a .y^f 6 3.06 ys. a 3.01/ 3.06 a Z 5
3.71 /y. / 3.75 116. y 3.70 X172 Z- 72 #7 et
4.35 NM./ 11.30 115.9 H.3/ '/6.8 11.3/ 117.6
µ92 43.9 1/9/ 1/6.9 4.9/ 472 1/92 117, 9
S SFS '1V. 2 sy 1/5, ? 5.59 4 7 3 5.56 4 7,9
6.25 '/3.7 6 e6 Y5.7 4.30 Y6. ? '•27 y 7 o
6.86 1".. / 6. 82 115.6 610 '/6.9 6.65; 117.2 
759 43.2 7.56 d5 1/ 75? 472 7.59 116.4
8./5 1138 8.15 qs.3 8.20 46.5 t?z0 471
8.7/ 40 . 5 8.7/ yy. ? 8.7/ 46.6 176 116.6
7.39 '1/2. 8 9.36 /Y B 9.38 v6.4e 9.3 9 /& a
?.93- ,42. 1/ 9.95 Yq.7 916 1 ,65 9.96 a6 9
12.55 */ 5 12.50 411.2 /2.51 V5 6 d. sa 116. y
/M V 98.5 14- 75 40. 8 %'f Y1 3 Aq S/ 11/ 5
17 ,13 32.0 /740 3t.6 1738 33.0 7.34 33.5
TABLE 6 - Continued
(b) Concluded - ULTRASONIC VIBRATION AT 800° F (2 MILS)
90 M/N AM MIN /80 AVAI 240 MIN 360 M/N
D Aip O N D "Arl O OV D fi
,,:17 48.3 0.18 518.6 0./1 q 9.5 030 46.2 0.12 W.
0.70 Y79 0.73 H8.2 0.70 49.9 0.7/ 49.9 0.7/ 50.6
/.P7 47 8 1.28 48.5 /.26 .09.6 /.28 498 1.29 50.6
186 y8.0 00 48.Y /.88 *9.8 1.90 497 1. 90 30.0
Z. S1/ 48 .f 2.42 48.6 2.42 49.4 248 50. 1 2.448 50. 4
3.08 #8.3 3,12 48.8 3.09 49.7 3.10 50.0 3 08 50.8
3.70 48.3 177 48.8 3.73 4495 3.78 S0.1 3.79 30.3
4.35 448 6 4*0 48.7 Y. 49.5 #.qs 50.2 4446 50.6
I! 4/ 48.6 498 *8.8 4.93 #9.7 * 92 50. 4 #98 S0.5
5.36 f18.0 5.62 48.6 5.60 6 159 50.0 561 30.2
6.24 #7 9 6.25 48.6 6.24 Y9.7 6.25 sa / 6.28 50.3
6.85 48.2 6.9y VS.6 6.90 417.6 6.92 50.1 6.93 50.6
760 447.9 757 48.6 751 5:9.4 7150 5o./ 75i 5.7.2
a. 114 47.8 8.22 48.2 8.22 49.4 Ial/ 49.8 8.20 Sc .2
8.7/ VZ 9 8.76 118.2 8.70 49.2 8.74 449.7 , 6.72 50.0
9.96 47.7 939 M8.l q3a 49.2 927 #?6 ^ 930 S0.2
9.92 478 993 117.8 99y *? 0 9.92 W. 9.9/ S0.0
/P.5 47 V /?.419 #7. 8 /Z.#Gl 48.9 /2.48 492 /2.417 N9G
/478 426 `:81 ''/Z•8 4$0 41.9 1190 y6,2 yB3 472
17.33 .5 7. #5 33.6 /7.06 34t.?
1
/iSd 36.0 1761 36.2
01502-422	 *1502-y+ ' 	 +0.25 -49. S
	
0.2u--50.2
w /502 - 45.3
	
i/. 32 -'/9.8
013704492
*1Y./6 -'y Is
s11153-N82
*/52 
-y6.
y/E31 -yd. 5
TABLE 6 -.Continued
(c) ULTRASONIC VIBRATION AT 8000 F ( 3 MILS)
7 /N//V
0 N
0.72 41.8
1.2S W. 2
/.82 M/. 8
250 lq15
3. /3 Y1. 9
3.76 #/8
-Y.#3 42.2
3.08 #/?
5.70 W. /
C. #0 Y/. e
700 -Yz.o
7.65 Y1.9
8.28 4/. 9
888 y/.2	 .
9.113 4/. 0
/0.07 Y0.7
/,2.62 39.6
1519 35.7
30.6
/6- "IN
'o	 Yqc
D.GS X2.8
0.70 #3.2
Z82 Y^2
y2.50
3./4 4#3
3.75 43.8 rr
•V#* #,Y 2
508 #y. /
5.70 #3-9
6.40 #f 3
7.00 Wt0
7.62 ##. /
8.38 y3. #
8.139  4(3.9
9I2 Y.3.y
/0.05 43.3
12.L2 #2.4(
/5.Zo 37.7
".. its 3a9
a.48 - 43.2
.125 - 438
+183
»,?.SO - 4y0
^► 3.13 -	 2
w 376 -4yS
n/,t/-N2
30 MIN
D H,ec
D. 09 Y^ 5
/. 28 '/5.3
2.So yS_ 3
3 /T yS. 6
3.82 Y5.8
A&
#42 #5.9
5.O,f 45.6
6.39 46.7
7 6y y. O
8.88 '/S2 
'W e
120
/S/9 39.7
45.4
+l/.^i5 - ^fYB
* 1 13 - 43.5
*16.y1 -33.7
TABLE 6 - Continued
(d) STATIC HEAT TRFATL,"NT AT 900 0 F
5 All 	 /5 MIN	 30 M!N
	
60 M/ 1V
D I yiAC
	
D NqC	 D N	 G yqC
O. /2 43.E 0./2 455 0.75 X6.9 0.76 V745
36 qy.q 13,6 / 136 47 0 135 11181
2.59 44(0 X2.60 6(6.0 241 V6.7 2.60 48.1
3.90 1 * 2 3.91 6(5.8 3.92 # 7 / 3.92 479
s./O 4412 5./O 458 S.// H6.9 5.// 48.0
6.YO H3.9 6.39 97.5 6.41 45.6 e•113 4178
764 43.3 763 454 76744.8 7 70 478
912 413.2 8.95 45.3 8.93 d16.7 8.94 q7.8
/0.2/ #-Z -49 10.26 45.0 /0.27 416.3 10.22 47.7
//.4S? y/. 6 //.1/5 448 //. AIV S/6.2 11-Y3 V7 #
12.71 #/ 9 /Z.73 44.6 /Z.70 IA6 . / /1.70 41 7  #
1317 372 13.96 39.8 /3.98 413.2 13.98 45.5
15.23 V. 3 /5.20 32.5 15.2/ 35.6 /S.ZO 37 8
/6.48 30.7 /6.50 30.7 /6.49 3 /. 9 14.50 3Z . 3
X7.53 30. 0 1710 30.2 /7// 30.8 / 7 /0 31. 6
.*0.73-*6.1
TABLE 6 - Continued
(d) Concluded - STATIC HEAT TREATMENT AT 900 0 F
120 M/A'	 180 MIN	 240 M/N	 360 A171A'
D fr" c G H e /^ Hpc D I	 h'qc
0.75 q7 4/ 0.74f 50.0 0.76 50. y 072 50.5
131 419 /Z?9 50. l /. 3 / 50.2 1.32 15 1 2 
2.60 4/9.Y 2.60 4/9.9 2.56 50. y 2.59 51.1
391 494 3.90 50.0 3.9/ 50.2 3.93 51.2
5. 11 #7 q 5.10 4/98 5.10 50.5 510 51 3
6.41 5192 C42 4/9 F 6.48 50.2 C51 543
7.7/ 19./ 7'7/ 1/9.7 77050.2 768 50.9
8.96 '/9.0 0.95 4/9 7 835 50. / 8.90 51.1
10.21 1/8.9 /0.2/ 4/9.2 10.23 50.0 /0.29 50.9
//.51# 4/8.8 /1.46 q9.6 14,50 x'98 11.50 50.8
12.70 418.7 /2.69 #? 2 /Z 68 1098 12.71 50.6
13.92 W.3 13.93 4/8. / 13.92 418.4 13.9/ H9.5
15.2238.S /5.22 1//. / 1521 W. 9 /5.2/ #1f Z
16.S 33.4 /6.5y 33.9 16.50 342 1,6#7,3#4
/7/2 31.8 /7.09 32. y /7.// 32.7 /7. /2 3,2.5
15 MIN	 30 MIN	 60 MIN
D HRC D "k D I Hq
0.78 `f6.0 0.7i/ 470 0.73
.
482
1.39 V5.8 /.440 471 /.Y/ 48.44
2.59 #5.7 2.56 472 2.60 #8.6
3.88 A17.0 3.89 47 6 3-88 48 7
5.09 446.2 5.09 417.4 5. /0 518.8
6. 46 46.5 647 447 6 6.46 #8.9
768 5/6.41 7.63 476 7.99 Y-8.8
8.89 54^1 6 8.81 447 ,/ 8.85 448.7
/a/o 46.2 /0.09 447.2 /0.05 S 8.2
//. 442 #6.3 //# / 447, / //.44/ 518.6
1249 V5.9 /2.68 46.7 /2.6 448.2
1318 45.44 13.99 X6,2 13.97 4W . 1
15.15 40.2 1,1. 13 42.8 /S. /5 444 3
16.413 ,33 9 1,6.0 33.2 16. AICI 36.4
1712 3/. 9 1713 32.5 1715 33.6
TABLE 6 - Continued
(e) ULTRASONIC VIBRATION AT 900' F (2 MS)
5 M//v
D H,x
0.20 5^Y..2
/ 3/ v IV 44
2.57 44446
.*
5.OQ Y4,
 6
6.44 / 4444 7
7.66 44-Y 7
8.87 4444
/0. /2 44#- 2
//`Y/ qq. /
/2.72 Y41/
/3.944 443.2
/s /Y 372
/6.# 32.3
/7.5'1 30.5
• 3-212- 4441.6
443.57- 1448
» y.OZ - 415.0
» ^1.3y- 4444.8
*y70 -4444.8
.33/ -4K.2
• 3,59  - #6.6
+ 44/2 - 116. 5
w 44.38 -Y,6 6
'► 3.60 - 474
*'1,12 - #744
TPA 6 - Continued
(e) Concluded - ULTRASONIC VIBRATION AT 9000 F (2 NULLS)
120 M/N
	 180 M/N	 2#d 44/N
	 360 M/N
D H D Aeqc 1 0 ^/R !	 O Hp
O 72 SO.6 O 50 50.2 0.53506 v 5*2 51..'
115 #9.5 i 117 50.6 /148 50.2 !. 516 15 2
240 YR 8 2,S9 50.5 2.58 50.6 2.57 5/. 2
3.87 Y96 3.90 50.3 14/ 50.8 311 5/.*
. 5- 12 499 511 50.# S.// 5-0.6 5.15 51 8
6.47 Y98 6.10 3013 6. q V 50. 6 ' 6.YS 51 `/
77/ 99.6 77/ 50.3 770 50.5 77,q 515
8136 1 97 8.83 50.4 885 50.6 8.8Y 5/.Y
10.07 #9. 7 /0,10 50-6 /0.08 50.5 16-10513
H. 442 #9.9 //. Q 50.2 1141 50.7 //10/ 5/3
/2.69 X19.5 12.76 50.2 12.70 50.3 /2.72 5/. 2
13.93 #?.2 13.90 495 /3.89 50. / 13.90 511
1516 #9.9 1.513 478 1515 48.3 1518 ,199
16.5 If0.2 1,6.116 5t/.l /6.50 45.0 /6.50 #6.6
7?O ,36.o /SZZ 374 1725 39.0 1728 4/.0
%1 0.50 - X90
*6 97  - .so. 6
*/•10-y9S
TABLE 6 - Continued
(f) TAPERED SPECIMEN AT 9000 F
STAT/C HEAT TREATME V T
"a Vs - X19.5
22 MIN /,?SEC
D
423,542
98 53.8
.Z.70 Sy. 0
-! 02 53.9
5.3 y 53 7
OCSO 53.8
t UL AW OW/C SAIMMAN FA/LURE AT
/6 M /M, 35 SEC (24.8 -, /o c cyc /ts)
VIBRATED - (6.41 '31iLS)
/6M/N, 35 Slfc
AO RN US
0.38 #8.5
0.93 '195
/.48 50.0
2. /0 50.0
2.56 50.2
3 20 50.2
3.7,2 50.0
M./0 `f8.7
4! 440 #5.8
t4 ♦
S.Of #8.6
5.05 60..7
535 48.8
5.#/ X17.5
5.#6 4198
5.19 #8.6
S. y2 A190
5 `O #R6
5.78 49.8
6./8 50.40
i.ft 49,8
71Z *48
7,68 #8.8
• 390 50.4
• A1.38 -50.5
+4.71-50.2
*5.00 -18.8
•500 -418.5
0 IN 5 MIN
'D N O
	 1,0144014
0. U 27.2 097 50.5
64 29.0 /.60 #9./
2.46 2746 2.30 '18.6
30926.5 3.#S #4/
3.70 2G.8 3.85 #8.9
4.30 28.0 *58 49.2
4 94 29.8 5.04 X9.5
5.5A 270 5.53 #9
,c .2# 28.2 620 49.0
460128.2 6.8Z 492
740 IZS. ,Vl 7 S4 *8.7
Ak
TABLE 6 - Continued
(g) TAPERED SPECIMEN AT 9000
 F ULTRASONIC VIBRATION (5 MILS)
5 M/W Is- M/N
D Ht D H*
Q 63 'v? 5 0.6/ 51.1
/.22 y6.8 1.15 S t O
/.96 #?6 /95 50.6
.so 478 250 SO.?
3./S 49. S 3. /S S1. 8
3.79 Y? 5 3.80 .1/. S
Sl,50 49.5 Y68 5/.8
S.// y9.3 5.12 511
3.78 19.7 580 51.6
6.33 492 6.35 51.3
OC.93 N9.5 616 51.5
747 49.0 7 *6 5/. 4
O H^ D H#
0.55 580 04/ 586
04 x'92 116- y9'2
170 515 195 512
2.35 #92 Z50 S09
3.,e/ y95 3. 15 53^
#13 Soo 380 550
N73 Sty 498 576
S.5Z 36H S. 12 592
6.52 y86 530 `6 0
720 I S09 1 635 570
1 .6,96 1 S6r
17#6 1528
t R41
;e k/voOR - /000 G
^* FA/L URE A T e2 MIN, /2 SEC
(33.3 x /0 , c yc /cs )
r
O Nt
/. l B 5U Hr/. 92 3/ 5
2.50 52.2
3./6 52.5
,-.8052.1
Y 70 SZ. / BREA K/3 52./
S. 80 51-19
6.40 52. /
6.95 5/. 9
7. *2 5/.
+ / 00 -52. 6
» /.49 - 51 It
»h!y7 - S/ 8
0.80- ##2 All R-C
/. 70 -43-2
276 - 43.#
3.52 - 43.3
y /y - 43.2
y58 - 43.0
y Po - 43.8
,BACAk
5.24 - y2.8
Sys - µ/, 7
5.76 - *3.7
G.29-^4t8,1
-#2.5
7#0.40 -42.5
O MIN
TABLE 6 - Cortinued
(h) STATIC HEAT TREATMENT AT 10000 F
5 MIM 30 M/N /.20
D
0.60
A41M 2410 MIN 360 M//V
D N !J N M,q D V C O N
0.6 J/ 116.l 4258 48.9 50.6 O.S6 y 9.8 0.58 4`9.9
124 Y5.9 /27 49.2 %30 4495 130 50.0 131 V,7
2.5 7 445.7 2.52 #1 7 Z. 52 50.7 2.50 50.6 e, 52 50.8
3.90 445.7 3.90 #99 3.91 50.7 3.92 50.4
*
3.93 5/•0
S. 12 45.9 5. 10 Y9. # 5-0? 512 5. 10 51.0 5- 13 50.7
6.d8 445.6 6.32 4484 6.32 50.8 6.32 50.7 4633 50.9
7.70 445.6 767 448.6 *79/ 50.8 770 50.G 773 50.9
8.92 445.7 8.93 Y8.8 9.9/ 50.6 8.90 5/.'F a 90 50. M
10.07 445? /9206 Y8.8 /4109 50.1 J92/0 5/. 4 /0. 0 SD.B
//.1/6 115. / //.440 V 19.6 //.440 51.0 //4v 51-# /1. Y / 50.8
1248 Y52 IZ-65 Y8.9 /2.61 50.8 /?.59 51.3 /12,535/.4
13.96 4t?. 9 /3.96 1/7.1/ 13.95 Y9 9 131 S/. 2 /3-9/5/.8
1526.3 ,q.0 /3 ?? #,Y.0 15. 1/7 Y 15.27 48.7 15- Zy Y 9. 6
/6.58 36.8 /6.56 31/.0 16-58378 16.59 39.2 /6.58 48.8
/7// .9b.3 1707 33.0 /7 /6 3S.3 /7.17 35.6 /716 35.6
» 0.95- 444.9 -,?'.70 " 50. S
/.88 - 50.Y -5.71	 51-1
* 4.79- SO. Y +700	 506
R 5.441 504 »/1.90 5t 5
• r1,'^ •13.Z/ - 514
+J3•^0 51. 9
* /44.6/ - 50.9
TABLE 6 - Concl iti.ed
(i) ULTRASONIC VIBRATION AT 10000 F (^' MILS)
O MIN 5 MIN 9C' M/N dc70 M/N 2400 M/N 360 N!/N
D /-RC D N D I/qc ,7 H,q^ D N D N
.0 Acy 28.8 0.61 #70 0.61 1,8.F 0.61 50.1 0.63 419.8 0-o 49.2
1.30 28.9 1.31 Y75 1 32 1,9Y 4 36 50.1 1.37 99.8 136 V93
2540 29.0 256 W2 2.50 #9.7 e-52 540.6 2.5 '19.9 2.51 1/98
3.80 28.9 380 47 6 3.79 5012 3.80 50.3 3.80 50.6 3.80 4192
5.05 29.0 05 H72 S.0/ 0.9 SOS 50. 1, 50Y Y9.7 3"07 99.5
6.3 41 28.7 6.33 X171'. 6.29 50./ 6.27 50.40 6.26 50.0 6.28 419.2
7.5w 29.1 760 1,73 758 Y9.5 710 513 760 50.3 76/ 49.l
8.8# 28.9 8.8/ Y6.8 8.71 419.7 8.80 50.40 8.8 1 502 8.83 49.7
/0.08 28.9 /0.09 q6. r /0 /0 4q 5 /0. /o 50.8 /0. // 502 /0. /o 119.9
i/. q/ 29.0 1/.32 1/t.Q 11.32 4098 /1.36 30.S 1.38 50.9 //.39 414.8
/2.59 25 ,.1 12.58 41 7.E}' /2.L/ 419.2 2.62 50.7 /2.05 50. 1F 12.12 419.8
/3.85 28.7 /3.86 1,6 .2 13.8E 419.2 13.87 5/./ 388
11S.10
51.2 173.87 5-0.3
/3.15 18.8 15.16 40. > /S. /6 46.9 15.12 $19 Y 50.6 51.3
16.40 29.0 /6.41/ .72.8 /6.4/ 39.9 16.42 416.8 /1.40 1/8 6
#;.08]
/6.4 119 2
1706 28.7 /7.09 -b-1 17./6 35.2 /14442.8 /7./0 403. /7 1/79
r 312 419.5	 » 3.ZY -SO.5 • .3.56-4198 • *38- 996
SO.y 	+ 40.w6-50Y + 9.02 - 4098 +13.67 ^O.y
+749 -S0.6 • 4142 . 50.0 ./1//0-50.6
w 7.76 -50.7 +1346 507 •14152 51.3
+1343 - 303 • 1q.10-5/ 1 -/4.i9 51,f
+/1/06 - 10.9 */5.75 10.7
TABLE 7
HARDMSS VS LOCATION MEASMEMM FOR 17-4 PH STEEL
(a) STATIC HEAT TREATMENT AT 900° F
r
O MIN
D /W
2.52 32.M
3.06 3?-0
7.6/ 31.2
10-0531.9
2.G 32.2
16.20 31.0
17.45 32.2
5 M/ N /5 MIN 30 M/ N
D HRC O H D N
38.9 /28 y212 ;.00 y1.3/.28
2.48 38.8 2.#6 Q.4 2.45 "/1.9
3.84 38.4 3.89 412 3 3.86 x/2.8
5.07374 5.10 42,0 5.10 Y2. 9
6-9838.0 6.38 y/. 8 6.y0 42.9
7.69 37.8 753 #/. 5 752 y2.8
8.7 37.6 ,8 / '113 8.$0 #2.8
(0.06375 4206 M0. S /0. // W. 7
/139 370 1135 yo. y /133 42.2
12. 36.8 /2G 398 /2.' 6 A02.1
13.9 36.8 13.94 39.7 /3.90 Nl. 8
/,f /Z 39. q 151.2 38.9 /5 // y /. /
14.#135.0 146.39 37.? J6.39 38.i'-i
17.7 33.& 176 3*8 /769 35.1f
*1705 33.8
	
-1.53 y.?. 8
•/00 33.5
_^
TABLE 7 - Continued
i
(a) Concluded - STATIC HEAT TREATMENT AT 9000 F
60 A41N M/N /80 M/N 360 M/N
^
E/20
H O /'^ D N^
/.22 4Z.6 1.2# #1.9 102 q1.6 121 10.9
2.55 W.2 2.41 #/.8 2. `f/ 111.6 2.113 111.2
3.85 42.3 3.82 *2. / 3.80 112. / 3.82 41 7
5.05 q,2.5 5.05 42.2 5.04 W 9 5.03 111. 9
6.40 #? H 6.37 X2. 2 6.510 12.4 6. N / 42.0
7.5/ W.7 7.50 42.5 7 #'6 112.3 7.115 #Z. 5l
8.80 42.9 8.80 42.8 an 42.9 8.82 42.6
/0.14 *3.2 10./4 43.1 /0-20,42.7 10.22 42.8
1136 43.0 11.36 43.2 //.38 113.3 //.110 112.8
/2.611 V3.2 112.6 43.1 12. 65 q3.2 /2.68 113.2
13.92 113. o /3.92 *3.1 /3.92 V3.7 /3.93 113.2
15./0 42.9 /5.09 43.2 15. /0 43.3 15. 12 ,13.6
16.39 10•/ /6.36 4/.7 1638 42.2 16.112 113.2
1771 35.9 177,6
1
35.8 1773 35.9 /7.76 36.4
r 15.113-113.4
^• IS 7a -113.7
TABLE 7 - Continued
(b) ULTFL;SONIC VIBRATION AT 900° F (: L LLS)
O MIN 2.5 IN 5 14l N 15 M/N 90 IN
D H^ D 14Q 0 IHRC ^`/QC G Hpc
1.27 39.9 /.28 y /. y /28 42. 1.2? 4(2.5
2.62 32.1 2.62 39.8 2.63 412 2.62 4(2.7 2.64 #2. IV 
3.74 39.8 3.77 YO.9 3.72 4(2.4 3.76 42.7
5.10 32.3 5.00 39.2 5.03 /10.51 S. DY y1.8 5.09 42.6
6.40 .38.7 6.12 4(0.0
*
6.40 Q.?
t
6.4# 4(2. ,7
766 32.2 76238.5 763 39 2 7.60 4P.7 7.58 412.4
8.79 38.6 8.78 38.8 8.7 4(2.5 8.80 42.7
/0.0/ 32.6 /0.02 38.4 /0.0# 38.9 10.06 V.8 10.06 4(2.7
1/.28 38.6 //.30 38.8 1131 1/1? 1130 q2.9
/?. 67 32.3 /Z.66 38.2 12.67 38.4 1248 92.6 12.69 4(2. C.
/3.90377 13.90 38.2 13.93 4(2. / 13.93 512.9
/526 32.2 /5.23 37.2 /5.249 37.2 1529 42.2 1530 4(2.9
16.60 36.2 16.59 3 6.5 %6.56 yo, 0 X6.58 4% 6
17.80 32.0 178013#. / 1781134.0 1786 35.4( 1783 35.#
*4(.36 - 39.8
	 -4(63-4(0.7	 {4(63 -4(2.41	 -5F 68-- y2.-l/
*5.4(0 -512.9	 *5.k/ - //2.6
►15.60- #/. 8	 -,IS. 62 - 512. 5
TABLE 7 - Continued
(b) Concluded - ULTRASONIC VIBRATION AT 9000 F (2 MaLS)
60 M/AI 120 M/ *N 180 M/N , 360 M//V
H D A,/ c D Nac D ^Rc
1
D
/197 y/. 6 129 412 132 5/0.9 1.31 410.2
Z.19 2.61 y-4- 7 2.65 410.8 Z-168 40.3
3.73 W 6 3.70 A112 3.70 W. 7 3.70 3 9.8
3.08' q/ 8 3.09 y/. / 5.05 Ho. M 5.06 39.5
99 , 113 W. 6.4q Y/./ 6.45 YO, -7 6.415 39.7
7.55 412.2 759 Y1 / 7.59 40,8 7.60 39.7
8.'79. 412,2 8.79 91.2 8.77 40. 9 $ SO 3 9.9
/0-05 412.4t /o. oY #12 /O.OS A10 6 /0.05 #0. 2
//. 31 412.3 //.32 IYZ S 1133 I1/.2 11.35 40.8
/2.72 412. Al 12.72 44 5 12.73 #/./ 12.73 410.9
/3.95#23 13.92 111.8 /3.92W8 1313 IM 
/5 3/ 412.8 15.30 W. / 15.28 917 /5241 W. S
/6.50 4,?. 9 %6.50 412,a /6.52 ti Z.7 1651 q2.3
/7881:37 / 1788 38.9 1788 q/. 4 /785 X3.2
*'f 68
* N 70 - 112.5
4V/ - 1/2.8
is6s- vZ8
► /6.25-'12. y
/6.72- 512.7
*/7./0- 410.8
-v 66 - x{04
w 5.#0- qo.9
*/6.28- #Z. 2
•►17.32- 2.8
► /760-x,10.8
* 41.66 - 1/0. Al
+533 -410.5
1998 - 413.3
^►/7.2/- ^f9.^F
» /:,pry- 1f3.2
* 1,65 -39. 8
*3.39- 341.6
*5.98-39. 5
+ 17.12-513. 6
/Z36- 53.8
A1750- #*,o
x/7. 65- X13.9
* /&. Of- Nl. 8
TABLE 7 - Concluded
(c) TAPERED SPECIMEN, AGED FOR 5 MINUTES AT 900' F
0 T/ME
D	 Al
STAT/C
D	 N'
Y149-501L
D Nt
0.30 YS. `//. /2 39.0	 /. /0	 4W.8
2.65 3 9.2 192 #6.2 0.93 y9.2
4. 30 39.0 2.70 '16.0 1,63 x`7.8
5.45 36.8 3.S8 12.38 'f8.6
5.50 .957 # J5'0 4/.S8 3.15 y5.8
6.06 390 5.1q5 `f5.9 3.76 h18 9
780 392 6.510 56.0 Y26 IYS.2
-
7.70 ^S. 6
>	 - 'f5
V. 75 A^72
5.o q y78
5.33 #7. 7
5.70 #8.2
6. /2 #7#
6.59 q7. B
713 #7.7
7.72 117.8
,8RFA k
* 7,500,000 cycles
TABLE 8	 t
HARDNESS VS LOCATION MEASUREMENTS FOR A-286
(a) STATIC -HEAT TREATMENT AT 1300° F
O AWN IT M/N 30AIIN /2O M/N
'o H
jo
HR6 D HR D HRC
/ 32 '9,0.8 138 95.# /.85 248
?. yZ 76.7 .5// 89.8 2. y2 97.3 2.312 2% 8
7S 88.8 3.72 96.6 3. i 5 21.8 
5.05 770 5.06 89. y SO/ 96.6 3.96 21.2
6.29 89.2 6.30 96.9 *97 2 /. 9
7 4'D 76.9 75-T 88.6 730 9.s 9 5.92 242 
8.86 85.2 8.90 95.2 703 212
/Q /0 772 /0.06 82. / /o Y/ 92.2 8. /0 21.0
1130 78.2 A32 80 0 9. oo 20.7
12S5 76.9 IZ15 78.4 IR41S 77.8 /01/8 /9.8
13.97 -775S /3.87 j6.8 1432 192
/5./9 76.8 15.16 772 - - 12.54 /5.5
-
- - - 13.91 (-5)
/7.6 77.3, - - -
U OC	 x/0080 AM
/.9© 6.S	
Leve/
3./S 58
y6S S.
S9/ s9
7285.2
TABLE 8 - Continued
(b) ULTRASONIC VIBRATION AT 1300 0
 F
(2 /17/L 5) 2 rl d	 "PEC / 1.44- N
a M/N S M/N 9 M/N CA q Div
D til . ^ H D H ^ HRC G N
/.36 76.0 132 878 %3,f 9/. 8 410 /9./ 410 785
2.23 89.7 /. 90	 9z. 2 2.09 /9 7 2. 10 98.5
2.54 778 254 88.5 2.52 92. / 2.61 AS 310 98.9
2.87 88.Y 2.87	 93.2 3.10 20.8 3.72 98.9
3.3µ 89.0 3.15 93 8 3.65 R4 / lf./5 /005
3.95 76.7 3.73 89.0 3.46 9Y! 8 3.96 ^2/. O 4.'/y 99.8
H2O 89.8 3.80 91V  5!17 211 471 998
4/50 899 y./2	 93.9 436 21.5 5.22 /00.2
480 89.2 #. #2 9# 2 4.61 2/. 9 5.25 179. 5,
5.03 779 5.08 877 5:73	 94.0 V. 85 21.8 5q? 990
534 89.8 5.05	 ?# I/ 5.0Y 21.4 C. *5 98.0
3.66 88.x' 6.72 93.4 5.20 21 Y 7,q9 98.6
6.04 86.3 G. /f	 93.2 6 Zq 20.,e 8.35 98.3
6.512 770 6.90 870 703 9/6 720 20.0 940 98.1
7.61E 775 760 872 7.65 9/.0 8.22 / 9.7 10.50 98.3
8.90 776 834 84.8 8.98 90.1 9. / 9 /9.8 //.OS 98.0
10.15 76.8 10.16 8/.0 /0.22 86.5 10.26 18.2 11.70 98,e
//.Y6 773 //.1F6 79.4 //. //5 79.5 /0.8/ /8.Y /.Z.00 99 2
IZ.67 78.2 1Z.6f 80.8 /Z.G 78. S 11-26 198 12.72 976
1Y.05 778 /Y.00 80.5 /400 78,8 //.76 20.2 /3.62 92.4
- - ^Y6^il 80.0 / 7# 78.8 /ZD/ 18.6 /5!53 82.8
1520 778 4520 79.5 /S.20 78.0 12.22 18.8 15.56 78.0
/6.52 776 /3.73 78.0 /5.76 77.2 42.21 15.0 AC 48 77.4
/7.70 78.8 /6.50 79.0 /6.50 76.8 M. 2 21 2.0 - -
0. r/ - 92.8 * .f 40 -,20 8 • Q e 0
» /3.20- 78 C, rS.74- 212
v-.7
-f	 , LI IY,, i
• /37?-79.5 AGOI -20.3 V-.15
1N.3f- 78 G *//.SO - 20. /
TABLE 8 - Concluded
(c) ULTRASONIC VIBRATION AT 13000
 F (.8 MILS)
O MiN 30 MiN /20 '"IAl
D H
5 Mq
V ' D HR H D HR'C'
/.50 76.y 4 15 87.3 1.048 98 . 2 / q 9 22.3
2.5/ 87.5 2.y5 98.8 2.q7 23.4
3. 015 76.8 3.,V2 86.9 3.010 98.8 3.40 23.2
#.516 875 y 1/8 98.9 1q.415 23.0
5. ,V,2 77/ 5.#/ 872 5.0/0 98.5V 5.46 22.8
6.56 86.6 450 178.2 K..51 22.7
7.68 772 7468 87.5 768 '76Z 173 23. o
8.62 95.8 8.60 178./ 8.65 22.,1
9Y2 772 9.*y 85.2 9445 973 ?150 22.8
/0.32 &Z./ 10-31 96.8 10.38 249 
11.0 ,Y 76.9 11.02 79 5 //. OV 75.7 //.0 7 2 /. Z
12.00
112.80
78.8 12.01 93.2 /2.00 /S.9
/?. 95 773 78.0 12-6782,2 12.72 /6.3.
/it
 Y l 76.8 1.378 7744 /3.82 79. / 13.88 (2)
/S. 90 76.9 /5.081768 /5.02 77/ 1.5.45 9/
O M/N 5 MIN /e IN IZO M/IV Z#0 M/N
D N" D N: D H O HA ' o Hpc
//7 310 x16 324 /.l2 36.8 //¢ 377
2.37 20.0 237 31.8 2.38 33.7 2. d{2 36.8 2.4 0
y: 90138.
38.5
354 312 a5/ 33.9 3.56 36.4 3.60 38.3
Y8^ 2/0 #86 3/. 8 #. B2 34(.6 #e6 37.6 6
6.16 31.3 6.1M 33.9 6. /* 373 9.16 39. i
732 Vs 7341 347 731 33.5 7.29 37# 730 38.5
8.16 30.2 a 96 32.2 8.43 36.9 8.42 38,2
995 2/.D 992 267 990 30.2 9.90 36.* 9.85 379
1118249 %/.12 23. ! //. /* 360 111Z 36.3
12.Si 24.6 Ie.Co 10.8 12.61 20.6 /2.53 90.9 12.51 32.7
43.9t 2/. / 3.85 20.8 13.8# 23.* 13-8523.5
1515' 20.8 IS-15244 151522.1 1S.14 22.6 /5./2 21.8
1436121. 1 1636 2/. 6 /6.30 22. D 19.36212
174(2 t11 Z 17.15.2/. ! 7.66 949
*IQJ-Ali lerr/
TABLE 9
HARDNESS 45 LOCATION NEASURENENTS FOR RENE' 41
(s) STATic HEAT TREATMENT AT 1400° F
t
T ,aLE 9 - Continued
(b) ULTRASONIC VIBRATION AT 1400° F (2 MILS)
o M/N 5 M/N /8 M/ IV
O M- D N D N
/.20 /8.9 A 20 29.5 /.20 31.2
448 /9.2 2.50 ?9.4 R. y4 32.2
3.78 29.9 3.85 316
6.0/ /8 i S.00 298 1.06 32.2
`./8295
► Y M
4.22 318
7 SO /8. S 7 S 28.6 752 31.0
8.75 292 8.80 3z /
/0.05 /0-01, 278 /0.00 30.2
//.38 PP 8 1438 31.2
/2.IcP 19 : 12.65 ZO. 5
Mrr
12.67 35.2
/3.89 / 9. S +Krt Y/3.87 31.0
/S.16 /70 , 15.20 /9.8 Y/5,20 /8.9
16.45 /8. 5 /6.#3 / 8, G
1770 /8.0 /7.66 /7. 9
*J/6 - 29.S
,.41. 4/2 -2 9. s*'
45-59-29.0
»3.21 - sz.2
*356-3/.8
4-15 - 32, 2
•,'/Y IV - 32.5
Y,q 75 - 32.0
*5.39 -32.#
*5.68 -322
*598 - 3/. q
- /2.06 - 32. l
• 12.3,2 - 33-49
x 1,?50 - 34.9
y /289 - 35.3
13. J6 -,35.9
*1327 - 36.2
* 13#1 - 350
91357 - 34.2
-/y`3 -z3 7
TABLE 9 - Concluded
(c) mmsomc VIBRATION AT 1400 0 F (l N iL )
O MIN S MIN 49 IN 120 MIN 240 /v//N
O I H D H G H O H'ec O NA
1.58 241 458 3/.5 /.58 3 J^ 434 37.4 460 39.6
?. Y2 31.6
.2. #5 34. / f2.50 38.2 2.50 39.4
328 21.5 30.9 3.311 33 2 3.32 38.3 3.31 372
µ22 30.5 421 33.8 4:23 38.3 M21 4vl#
5.12 2/. 5 5.12 30.7 5. /5 33.8 5.18 139.2 5.10 V0.0
6.013 30.6 6.07 33.1 L.06 376 6.68 39.5
6.9/ 21.0 6.949 30.8 419 33.8 7. OZ 37.9 7.03 39.2
773 R/ 78033.4 782 37.8 7.8-F 372
8.50 248 8.52 30.8 8.58 3.3 8.60 378 8.63 393
IF 30.3 9.44 33.5 ?A18 376 9.48 392
10.17 21. * /0.23 210 10-2332.9 10.27 379 /0. 32 39.6
//.37 23.5 1432 30.9 1131 36.0 11.3Z 375
12.13 2/.0 /2.98 .20.0 /?.?7 23.8 13.00 284 1301 29.5
13.93 Z/.2 /* 3/ 22.8 I/N a2 :. S
l* 90 20.0 M86 20.0 /M.06 21.5 /#9/ ;4 4
/3.9 20.7
•%88-37.2
+D.B5 - /8. It
+/.95 -/R*
►2.80 - /9.8
x3.78 - 19.3
4( 95 - 20.7
/6.8 8.417 /79 7.08 /9.Z
/8.2 9.56 /78 7.58 /9.5
/0.70 /za a-ce /9.8
//. 90 /5.2 9.70 19.6
13.12 /6./ /0.7 /8.5
/#. 50 1615 /Z. 00 /7.6
/S./s /6. a R12 46.8
/5.70 /7.9 /#. 16.6
/6.95 /72 115.4 /6.q
s
TA= 10
HARDNESS VS LOCATION NEAStEMMVT3 FOR L-605 SUBJECTED
TO VARIOUS AGING TESTS AT 1600 0 F
O 7/ME 4T4T/C- 00#91 Y/B - /0 NR
r. 8 M/[S)
Y/B - /D ANY.
SWIG-1,0 NR
O Hq^ - H D I	 Afw o N
0.30 A8 ^ 178 1.15 /76 %SO /8.9
2.32 /6.4 /8. y 212 179 2.35 /9. y
4.30 16.0 W /62 3.66 /8.91 3.29 /9.9
6.60 /5.9 z	 W 175 y 72 /9.0
980/6.0 } ^ /f. B 5.*Z /8.8 5.'f0 192
/0.83 /15 q 172 6.00 /9.8 5..9.3 /F.8
13-101148 0 /9.G 73? /8.3 6.57 20.0
(/.# M/1 ` )
BEFOR6 AG /A/r.
D N	 D q-
#0 28.91 0,60 30.0
. 2? Z 5Z5 30.5
2P.2 .r..Iy 30. 4
1
so
/0-$$ 2^ ? 720 304
12.83 Zs:9 9.25 13^.6
STATIC
D N
x.60 37.8
X22 37.2
/. 90 38.2
2.56 37.8
3.10 37.4
3.75 37.1
4.30 36.7
Y.96 j6.9
6.88 35.9
60 35.2
8.97 33.8
10.06 ,32.5
//.#6 31.2
12•x? 30.2
/3.9 30.0
TABLE 11
HARDNESS VS LOCATION MSASUREMMS FOR VASCO 300 MARAGING
STMIL SPECIDWS AGED IN AIR AT 6000
 F
AGED S M/NbTES
AT 800 0 ,c. 1N A/R
V/aRATED (/ B M/4 5)
,a
D HRC
0.62 Y5.2
1. NO 4i.M
2.37 477
.42 478
x!23 47.9
S.l B 48./
7.18 447 1/
a2O ys.s
922 46.2
/10. 16 4w.3.9
/1 55
 39.9
12.72 36.5
13.83 .3 IV. S
/4.90 33.0
• /.90 - Y6.6
+2.90-N7.3
•3.82-47.8
.#a -Ar79
,6.92-476
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Figure 2. - Schematic diagram of magnetostrictive vibration apparatus
and heat treating test chamber.
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Figure	
- Interior of vacuum drybox showing transducer housing, specimen,
and test chamber.
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Figure 4. - Schematic diagram of transdaoer assembly.
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Figure 7. - Heat treating test chamber, amplifying horn, sealing
sleeve, and straight bar specimen.
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Figure u. - Schematic diagram shoving relative positions of test
components, specimen, and thermocouples.
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Figure 9. - Three zone heat-treating furnace and thertnocoupled straight
bar specimen used for air environment aging tests.
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Figure 1C. - Straight bar specimen used for ultrasonic vibration
aging studies.
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Figure li. - Tapered specimen usad for high-amplitud.,
ultrasonic vib Ltion aging studies.
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Figure 12. - Tapered specimen used for high amplitude
ultrasonic vibration aging studies.
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Figure 19. - Concluded. Comparison of hardness results between static aging
and ultrasonic vibration aging at various times for Vasco 300 maraging
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Figure 22. - Comparison of hardness results between btatic aging and ultrasonic
vibration aging at various times at 1400 0
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